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INTRODUCTION
Atmospheric turbulence in surfsca and low-altitude winds results
in a number of important structural design problems to the engineer.
This is especially true for the case of tall, thin structures such as
smokestacks, towers.and launch vehicles. This ground-wind loads
problem on launch vehicles has been investigated almost totally using
aeroelastic models in wind tunnels and.applying'techniques for
•predicting the full-scale load values. This approach was necessitated
because of conflicting prelaunch operation requirements and by
considerations for the actual flight vehicle.
Because of characteristic differences between wind-tunnel flow
and atmospheric surface winds, it was uncertain that the wind-tunnel
results were"accurately indicative of the full-scale loads. The wind
tunnel presents a . uniform velocity profile and a very low-turbulence
environment for the model. Atmospheric winds near the ground present.
a nonuniform velocity profilq due to shear flow, and turbulence values
much greeter than those found in wind-tunnel flow. To study and
evaluate the effects of turbulence and shear flow on the response of
launch vehicles, a research program utilizing a full-scale missile
was initi a:ted.
A surplus Jupiter vehicle was.ereeted at Wallops Island, Virginia,
in an attempt to correlate wind-tunnel predicted loads with the
measured full-scale values. The vehicle was instrumented to.obtain
base bending moments and tip deflection data on the freestanding
launch vehicle while it was subjected to a range of atmospheric
'i
2
surface winds. she full-scale ground-wind loads program is described
and initial data are presented in reference 1.
photograph of the JLpits.& vehicle on the pai at'the Wallops
Island site is shown in Figure 1. The missile is approximately
.60 feet in length and has a base diameter of 8.75 feet. -Two wind.
sensors, capable of sensing orthogonal horizontal wind components and
following gust frequencies-up to 5 cps, were installed on a mast near
the Jupiter to help define the characteristics of the wind impinging
om the missile. These two wind sensors were placed at heights of
13 and 53 feet ar e)ve the ground and can be seen in this ,figure. The
instruments were located upstream, of the: vehicle for the prevailing
wind direction at Wallops Island and far enough away from the vehicle
to.avoid perturbed flew —on the order of five vehicle diameters.
Since the wind sensors were this distance from the vohicle, the
question arose as to a change in'wind characteristics between
measurement and impingement on the missile. One can extrapolate
remote measurement along-the mean wind direction using Taylor's
hypothesis which considers the turbulent velocities as a fixed field
transported by.and at the mean u3nd velocity.
Under Taylor's hypothesis, a space correlation function in the
direction of the mean wind can be determined from the time correlation
function using the transformation d = Uu. The spatial . separation, d,
is measured in the direction of the . mean wind, U. The nece_•gary
condition for the validity of this hypothesis is that the turbulent
velocities have to be much smaller than the mean wind speed; i.e.,
0- 3 -
u/U << 1. It was felt that this hypothesis required experimental
examination for these atmospheric ground wind studies.
Along with this investigation of Taylor's hypothesis, a
significant amount of information on the statistical nature of low-
level atmospheric turbulence was obtained. Some . of this information
is presented for its own merit and some is presented for comparison
with values obtained-in other investigations.
Eaperience.has shown that the local air velocities are continuous
and random in nature and-definable only in a statistical sense. The
usefulness of expressing the properties of turbulence in statistical
terms was first suggested by G. I. Taylor in 1921 (ref. 2) with three
principal quantities of interest. They are (1) the ralative frequency
with which certain velocities occur, which is given by the probability
distribution, (2) the frequency distribution of the energy contained
in the wind, which is given by the power spectral density of the
velocity fluctuations, and (3) the spatial correlation of the velocity
fluctuations. The Gaussian distribution — a probability distribution
identical to the Norma? Law of Errors  — generally gives an adequate
description of the velocity distribution in atmospheric turbulence.
On a log-log plot the spectrum of atmospheric turbu3a_tce shows no
periodic motion and decreases linearly with frequency at a - 3 slope.
These properties are examined for the wind data recorded at Wallops
Island. The primary area of investigation, however, concerns the
spatial correlation of the gust velocities as they are being
transported along by the mean wind.
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iTHE REVIEW OF LITERATURE
'he earliest at impts to provide a mathematical model to define
turbulent flow assumed that the turbulent fluctuations consisted of
discrete independent masses of fluid in random motion. The theories
of this nature were developed mainly by Prandtl and resulted in the
well-4movn mixing length theory. It is now obvious that it was not
realistic to consider discrete fluid particles which retain their
identity orer a certain distsme. The discontinuous action implied
by this theory was quite artificial, and the modern treatment of
turbulence considers instead the continuous nature of the motion.
The break from the theories that represented-a discontinuous
motion in turbulent flow was provided by G. I. Taylor in 1921 (ref. 2).
The fundamental idea levy in the recognition that the velocity should
be varying continuously with time along the path of the particle.
Taylor again provided the next important advancement to the
theory of the continuous nature of turbulent motion when in 1935 he
considered the spatial structure of turbulence (ref. 3)• This work
introduced the correlation of velocities at two points as one of the
describing quantities of turbulence. The statistical expression of
this idea is provided by the cross-correlation function between the
velocities at two points a given distance apart.
A	 (d) 
d 'P2
"1"22	 2U
•1
- o -
In. this expression, homogeneous turbulence is implied In that the
statistical properties R(d) and uz
 are taken to be independent
of position (ulz = u22 = uz).
A time correlation, R(T), usually referred to as an auto-
correlation flunction, may be defined in terms of the fluctuations
measured at a point at instants separated by T. If the turbulence
pattern passing over a point is unchanging and is being transported
by the mean wind, it follows that
R(z) = R(d)
when d = U-r. This relationship was provided by Taylor in 1938 in
the next important advance and is known as Taylor's hypothesis
(ref. 4). The necessary condition for this equivalence of time and
space correlation functions through the transformation z = d/U is
that the turbulence level in the flow be sufficiently low. The
physical realization of this hypothesis is that, if the mean wind
velocity is much greater than the turbulent components, the
f1•actuations at a point in space may be assumed to be the result of
-	 the whole turbulent field passing through that point at the velocity
of the mean wind. The record of these fluctuations at a point will
be nearly identical when measured along the axis of the mean wind.
In wind-tunnel studies, under the necessary condition of
uz/U << 1. the validity of Taylor's hypothesis has been demonstrated.
The measurements of Favre, Gaviglio and Dumas (ref.	 in a homogeneous
flow indicate excellent agreement using the transformation -x = d/U
for a comparison between time and spatial correlation functions.
4
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For atmospheric boundary layer flow the validity of the
hypothesis is not suite so clear. The earliest observational data
are available from an investigation by Gible*t, et al., in 1932 at
Cardington, Snglend (ref. 6). 'these measurements were made at e
height of 50 feet and provided some examples of 	 auto-
correlations and space correlations from instruments approximately
in line with the mean wind. Agreement between time and space
correlation functions from these data is poor.
A comparison of measurements taken from tower and airplane
recordings at heighta of 90 and 120 meters, respectively, conducted
by Lappe, Davidson and Notess indicated the hypothesis to be valid
for the horizontal fluctuating components (ref. 7).
An examination of Taylor's hypothesis at a height of two meters
over smooth unobstructed grassland was reported by Penofsky, Cramer
and Rao (ref. 8). The data considered for this study was recorded
when the mean wind direction was within 100 of the line of kind
sensors. Their work concluded that the hypothesis is valid at this
height for horizontal separation distances up to 90 meters and
intensity of turbulence levels as large as 0.26.
6THE BMRIMENT
Site Description
Wallops Island, the launch site for Wallops Station, a facility
of the National Aeronautics and Space Administration, is located on
the Atlantic coast approximately 10 miles south of the Virginia-Maryland
state line near Chincoteague, Virginia. It is comparatively flat,
sparsely wooded, and sandy. The stationary tower used for measurements
in this investigation was located about 300 feet from the shoreline and
almost 500 feet from the nearest buildings. The surface surrounding
this tower was flat and consisted of sandy soil with short grass as
the only vegetation. For the high wind samples analyzed the wind came
from the sea. A map of Wallops Island showing the shoreline, location
of the stationary cower, and prevailing wind direction for the analyzed
data is given in Figure 2.
A2=atus
The Wallops Island program obtained information on the statistical
nature of atmospheric surface winds in general and the correlation of
gist velocities along the mean wind vector in particular using the
two-tower arrangement shown in Figure 3. A stationary tower on which
four wind - sensors were mounted at heights of 13 26, 39 and 53 feet
above the ground was used in conjunction with a movable tower. The
portable tower contained two wind sensors at heights comparable to the
heights of the lower two sensors on the stationary tower (13 and
26 feet). It was desirable to cover a greater range of heights, but
to do so severely limited the capability of moving the smaller tower.
- 8 -
a- 9 -
Fast-response drag-sphere anemometers are shown mounted at each
level.
The stationary tower is a vertical mast, circular in cross-
section, approximately 75 feet in length, with a base diameter of
20 inches and a diameter of 12 inches at the highest wind sensor
level. The four wind sensors alined vertically on this tower are
mounted on 6-foot horizontal booms which extend from the pole toward
the northwest, as illustrated in Fimjr;: 4(a). Each sensor was
located three feet ab,;a its supporting boom. Nineteen markers for
locY_ing the portable tower were placed e.t 10 0
 increments on an arc
with a 40-foot radius from a marker directly beneath the wind sensors
on the stationary tower. Each marker was identified as to its
location relative to the marker below the wind sensors. For exaMle,
the marker located directly south of the reference marker was labeled
1800
 and the one west 2700. A diagrem of this arrangement is Shown
in Figure 4(b).
The portable tower, shown in Figure 5, consisted of a 6-foot-
square flatbed, two-wheel trailer on which a triangular structure
was installed to support two wind sensors. The heights of the wind
sensors on this tower were 13 and 26 feet above the surface. The
trailer contained adjustable jacks and levels by which it was assured
the tower was vertical and the instruments level.
The drag sphere is a Langley-developed fast response wind sensor
which is able to follow gust frequencies - gyp to 5 cps. The instrument
consists of a 7-inch-diameter perforated hollow sphere mounted on a
two-component force balance that senses orthogonal horizontal
6- 10 -
components of wind force. This instrument is described more fully in
references 9 and 10. In addition to fast response, the drag sphere
anemometer has several other important characteristics: (1) the
natural frequency of the balance (60 cps) is high compared to the gust
'_':uencies of interest; (2) the coefficient of drag is constant and
independent of Reynolds number for both steady and unsteady flow in
the % range incurred for moderate atmospheric winds; (3) the drag
force vector remains alined w1th the wind direction -- a result of the
perforations which stabilize the separation point for the flow about
the sphere. Some results from measurements taken using this instrument
are presented in references 10 and 11.
A Bendix Friez Aerovane wind transmitter was located approximately
400 feet from the stationary tower and at a height of 65 feet above
the ground. This instrument provided a continuous record of-And
speed and direction on a Bendix-Friez strip chart recorder.
The output signals of the drag spheres were amplified, FM
multiplexed, and recorded on analog magnetic tape. The multiplexing
enables one to record up to five separate signals onto one tape track.
To recover the data the multiplexed signals are reproduced through
discriminator units which convert the frequency modulated signals back
to discrete voltages.
-11 -
Proc edure
A typical data sampling interval was initiated by determining the
prevailing wind direction from the continuous strip chart record of
the Aerovane anemometer, placing the portable tower a known distance
downstream of the stationary tower and recording data from all wind
sensors on analog magnetic tape for a time interval of 15 minutes.
The placement of the portable tower was accomplished using the markers
for direction and a measuring tape for distance. Instantaneous gust
velocities at two stations along the mean wind vector were thus
simultaneously recorded.
7
T
N
dN
r
U
0UO
u
Q
Q
2
6
-N
m
+3
a^
m
H
G!a
0
3
i
t'^1
m
W
— 12 —
F
A
R
0
+j
0	 ^
0
.H
A
td
0
^ Q
aH
fr
3
0
f4
c
0
e^
u
c^ a^
Od
r-4 %H
0
p 
00
oo
0)
C
1: ^S
w0
+-^ 0
•.a
H ^
0
3
O
U
•,i
0
O
H
O
N
0
d
+r
m
f
I^
,o
ma
a,
0.
0
C
C
N
'O
H
N
W
N
0.
O
H
3
6- 13 -
r figure 3.
—
 Two tower arrangement for low-- .level turbid enc a mea-surements.
- 14 -
i
3
- ^ U
a^
O ^ N m
^
N
G (A
N 3
^
•	 d z 9*
0w 4o
E o
^a
•
,,'
o4 •	 ,-^ o/0
r.4
• t ^
m
a^
E-i
t
H ^ .d
O p
A O Ir4
Id
id P4 3
r+3
m
N 8 00d
N }.
O
++
41 W
G
ri
3 cl^
v
- 15 -
Figure 5. - Fortablo tower.
W ^i
gewi
'000^
S
E
eon
•
DATA ANALYSIS
The drag sphere anemometer measures orthogonal horizontal
components of the dynamic pressures of the atmospheric winds. To
determine wind direction from tizis instrument the orientation of the
orthogonal axes has to be known. It is recommended that these
sensing axes be alined north-south and east-west for field operation,
and this was the orientation used at Wallops Island.
Consider an instantaneous wind vector, U i, striking the drag
sphere. Ui is made up of a time-averaged mean value, U, and an
instantaneous value of the fluctuations about the mean, u,.
i
Ui = U + ui
This instantaneous wind vector strikes the drag sphere at some
angle, 61, relative to on-  of its sensing axes.
A time : .istory record of the
output of the sensor gives a trace
N
of orthogonal components of dynamic
pressure, qns and qew• Before
each sampling interval a zero level
signal and known calibrate signal
were recorded to determine the
scale for the recorded wind data
that followed. The procedure for
laboratory calibration and field
use of the drag sphere anemometer
- 16 -
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is given in the Appendix. These data were recorded on analog tape and
had to be converted to digital values for computer analysis.
Analog-to-digital transformation:
analog tape sample rate = 10 samples/sec
(10 samples/sec)(ls min) ( 60 sec/min) = 9000 points
	
Thus, for qns and gew. ,	 i = 1 to 9000
i	 i
Dynamic pressure converted to v(-locity:
At each sample time, ti, there are values of qns_ and
1
qew from which the magnitide and direction of the vector quantity,
qi, is obtained using the following relationships:
qiI _ 2 + q2
	
i	 ewi
6i
 =	 1 `^° i^s /qeui I
qi - qij Li
The conversion from dynamic pressure to velocity is given by the
following equations:
(UiI = ti/-2Tp ti'_Igi j
i I Ud Pi
U
nsr1 
= IUiI sin 6i
Uew,i 
= I Uil cos 61
0- 18 -
The above steps are done for i = 1-o-9000.  The 15-minute time-average
values of U and 6 are given by
U= Uz
 +U2
ns	 ew
@ = tan.-1(U/Uew)
where
	 N
__ 1
Uns 
N ` J Uns
i=1
N
U = 1 V U
ew N
	
ew,
i=1	 i
avid
N = 9000
The values now available are the mean wind speed, U, the angle,
b, and 9000 instantaneous values of the north-south and east merest
components of velocity. The objective is to determine the instan-
taneous values of longitudinal Unwind) and lateral (crosswind)
components of velocity.
An axis rotation program using the following equations was used
to give the longitudinal and lateral velocity components.
Longitudinal, U:
Ui = 
Uewi 
cos @ + Uns i sin @
Lateral, V:
Vi = - U
Ow .
 sin @ + U
Ub 
cos @
i	 i
19 -
This essentially creates two new time history records in units of
velocity Meet per sec) with the U component alined with, and the V
component 900
 from, the mean wind vector,. From these,
N
U=	 % Ui
i=1
This value should be equal to U as given before axis rotation.
N
V— N ) Vi
i=1
The value of V should be zero when the correct 8 is used.
ui =Ui -U
0
vi
 = Vi - V	 v; = Vi
u  and vi are the instantaneous values of the fluctuations
about the mean in the longitudinal and lateral directions, respectively.
The instantaneous values of these created time histories are then
used for the statistical information obtained and presented in this
thesis.
•
6RESULTS
Seventeen sample intervals of 15 minutes duration each were
recorded during the summer and fall of 1966 using the stationary and
movable tower arrangement at Wallops Island. Se-;-en of these sample
intervals were chosen for extensive data analysis and are labeled
data points one through seven for reference. The mean wind velocity
as given by the Aerovane anemometer for each point is given in
Figure 6(a), while the wind direction and location of . the portable
tower relative to the stationary tower is shown in Figure 6(b). The
mean wind speeds for the seven points were between 37 (point 5) and
48.5 (point 2) fps, so a large range of mean wimd speeds was net
covered. These points were all recorded the same day and covered a
total time interval of approximately four hours, during which time the
weather did not change significantly. Therefore, the data were not
influenced by changes in meteorological conditions.
The ten other recorded samples were not statistically analyzed
because the wind speeds encountered while recording them were less
than 20 mph. The sensitivity of the drag sphere instrument is
considerably reduced at low mean wind velocities. One reason for this
reduced sensitivity at low wind speeds is that the drag sphere is, as
its name implies, a dreg-measuring instrument and its output is thus
linearly relate:! to the square of the velocity. Because of this
reduced sensitivity at low wind speeds, it was decided -4o analyze
extensively only ti samples that were recorded when the mean wind
speed was above 20 mph.
- 20 -
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The mean wind speed values as measured by the six drag sphere
sensors for the seven data points are given in Tab18 I. The letter P
on the height value! signifies the instruments on the portable tower.
The maximum mean wind velocity measured at the 53-foot height was
49.56 fps (point 2) while the minimum was 37.84 fps (point 5). The
maximum value recorded at the lowest height was 39.87 fps (point 2)
and the minimum was 28.19 fps (point e). The values in parentheses in
the 53-foot level column were obtained from the strip chart recording
of the Aerovane anemometer output.
The intensity of turbulence for each level is also given in
Table I for the seven data points. This parameter is obtained as the
ratio of the root-mean-square value (or standard deviation, a) of the
longitudinal comperent fluctuations to the mean win.-i speed. It is a
numerical measure of the amount of turbulence or gustiness contained
in the flow. For the Wallops Island investigation, the maximum and
minimum values of this Tj^rameter were 0.183 and 0.084, respectively.
The mean wind spears and intensities are presented as functions of
height above ground in Figures ?(a) through 7(g). These plots indicate
an increase in mean velocity and a decrease in intensity of turbulence
with an increase in height.
There are a number of analytical representations of the atmospheric
wind profile available that are valid for certain meteorological
conditions (refs. 12 and 13). In the lower part of the bcundazy layer
of the atmosphere, an exponential approximation for the mean wind
speed profile is frequently used. This power law approximation is
given by
- 22 -
U  = U  ( z/z1 Y11
where
U  = mean wind velocity at height z
U  = mean wind velocity at height zl
1
n = nondimensional quantity which depends on surface roughness
and meteorological parameters
The apparent reasons for the popularity of this power law representation
are that it applies over a wide variety of meteorological conditions and
that it is much easier to apply than the others that are more
theoretically acceptable.
Singer and Nagle (ref. 14) studied the variation of the exponent
n with certain meteorological parameters such as wind speed, cloud
amount, gustiness, lapse rate, time of day, and sand direction
differences. They found that the values of n sh(.w a general decrease
with increased wind speed up to about 20 ft/sec and then remain
relatively constant. The Wallops Island d..ca were all above this
value of wind speed. Also, since the Wallops Island data were
recorded in a relatively short total elapses time, it is felt that
the other meteorological parameters did not change, and therefore the
value of n shcrlld be constant. This is verified by the data. A
curve with the exponent n = 0.17 best fitted the measured values of
U
z 
for points 1, 2, 4 and 6, while n = 0.16 for points 3, 5 and 7
provided the best fit. This is in agreement with other investigations
of the boundary-layer profile over flat,unobstructed grassland (ref. 22).
6
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The mean wind speeds as measured from the stationary tower are
plotted along with the mean wind speed values obtained from Aerovane
anemometers located on a 250-foot meteorological tower on the island
in Figure 8 for points one through four. These plots are interesting
for two reasons: (1) the combined data show a continuous curve, and
(2) the mean wind speed is still increasing with height at the 250-foot
level. A photograph of this meteorological tower, which has Aerovanes
located at 50-foot intervals up to 250 feet, is shown in Figure c;.
Another form of presenting the velocity distribution in the outer
region of the boundary layer is the velocity defect, U - Uz . This is
the difference between the free-stream velocity, U, and the velocity
at a distance z above the surface. This velocity defect is
normalized by u*, the friction velocity, and presentc:A' as a function
of position in the boundary layer. This form is given in reference 1;
for turbulent flow in circular tubes and in reference 16 for turbulent
flow over both smooth and rough plates. The form presented in
reference 16 is reproduced along with the Wallops Island data in
Figure 10. The distance above the surface is :formalized by the
boundary layer thickness. For z/5 < 0.15 the data presented in
reference 16 are grouped around the logarithmic relation given by
U Uz
=-2.!r4Zn +2.5
U"	 5
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For z > 0.15 the following empirical fon=la descAbes the
experimental data
TJ	
U	 2\u . :
Hinze states that apparently a value of z/S = 0.15 roughly indicates
the boundary between the wall region and the outer region.
The Wallops Island data were put in this form using a boundary
layer thic kness of 253 feet and a free-stream mean velocity as the
value measured at this height. The Wallops Island data for points
one through four are closely grouped and are given by the dashed
curve. The slope of this curve is in agl •eement with that of the other
exoeAmental dc.ta presented, but the values of the Wallops Island data
are consistently lower by approximately 40 percent.
The friction velocity, u^,.mentioned previously is given by
u = tiW/P
where
tiw = wall stress
p = density
- 25 -
This parameter is used in tha logarithmic profile approximation
(ref. 1'') which is given by
U = U- Zn z--- 
7. 0
z	 k	 zo
where
k = von Karman constant (0.4)
zo
 = roughness length
The roughness length, z o, is a parameter characterizing the surface
roughness. It can be described as the average height of the surface
roughness projections and can --ary from 0.001 cm o°,ter ice (ref. 18) to
several meters over cities. Using mean wind speed values from two
.levels on the a tationary tower and solvi :ig for u* and z o, average
values of u" = 3 fps and zo = 5 cm were determined for the seven
data points. These values for the Wallops Island site are in
agreement with the range of values for zo given in reference 18.
A z0 = 5 cm places it in the long grass type of surface which is
characteristic of the area on and around Wallops Island.
The preceding information on profile3 of wind and irtensi ty and
surface conditions was presented to describe the wind regime and
environment from which the statistical parame-Lars that follow were
obuained.
- 2(-; -
Any observed sequence cf values that cannot be described by an
explicit mathematical relationship which gives the value of the
quantity at some instant is called a random process. Therefore,
since it cannot be described analytically, it must be studied and
described in terms of probability s-atements and statistical averages.
To analyze random data properly from sample time history records of
fin,te length, it is necessary to establish three characteristics of
the data. They are normality, stationarity, and randomness. All
three characteristics were examined for the turbulence data recorded
at Wallops Island and will be discus^,L3 at the appropriate time during
the presentation of the results.
Yormalitj.- The probability distribution defines the relative
frequency with which certain values of velocity occur. The Gaussian
distribution, i.e., a probability distribution identical to the
Normal Law of Errors, generally gives an adequete description of the
velocity distribution in atmospheric turbulence. A comparison of the
Gaussian form of distribution given by
-1 _^2/2Q
F
P(O = 
CJ 
ti'2n} e.
and the distribution of the recorded data is given in Figure 11. A
comparison is made for both the longitudinal, u, and lateral, v,
component of velocity for a typical sample interval. The means, U
and V, have been subtracted from the data so E mean value of zero on
these curves corresponds to the appropriate mean value of the signal.
Since the mean has been subtracted from the data, the rms value is
R
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equal to the standard deviation and the mean-square value is ual to
the variance.
U2 = a
u
2	 2
U = a
u
A visual examination of these curves shows close agreement between the
measured distribution and the computed Gaussian distribution.
The moments about the mean describe the shape of the distrib ution
and provide another check on the normality of the data. The fourth
entral moment when nonclimensionalized by the square of the second
((y2 ) is called the h=tosis, or flatness factor, and has sa value of
for a Gaussian distribution.
K = c4/(a2) 2
The nondimensionalized third central moment is called the skewness,
and if the distribution is symmetric about the mean, its value is zero.
3/2
skewness = a-	 2 r^
The valises of these moments are givf _n Table II and generally meet
the requirements for the data to follow a normal distribution.
Therefore, an assumption of a Gaussian distribution, normality of the
data, for the u and v turbulent velocities appears to be valid.
These values are in agreement with those obtained by Townsond and
reported by Batchelor in reference 19. Townsend ' s work was with the
u-component turbulence generated by a wire -mesh grid in a wind tunnel.
•
•i
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If a process is shown to be Gaus.:ian, then the mean, the mean
square,-and the autocovariance function completely determine its
statistical properties. The autocovariance function defined by the
equation
T
C^(T) = lim 
2T	
^(t)^(t + T) dt
T-*
fT
describes the general dependence 'of the valuues, of the data at one
time, t, on the values at another time, t + ti. The autocovariance,
C (T), is always a real valued, even function with a maximum value at
T = 0, and may be either positive or negative. The maximum value at
T = 0 is the mean-square value of the signal
T
•	 c2 = C^(T = 0) = lim 1^(t)2dt
T-o-co
_T
The autocovariance is normalized by the mean-square value to give the
autocorrelation function with maximum value of rZity at T - 0.
Ar ( T ) = C	 (0)
S
The autocorrelation functions for the four revels on the
stationary tower are presented in Figure 12(a) through 12(g). These
correlation functions were ot;c,ained using increments of lag time, T,
of 0.1 sec and with a maximum lag time of 12 seconds. These plots
exhibit a dependence on height, with the breakdown in correlation
occurring more rapidly at the lower levels. This is in accordance
with the "long memory" and "short memory" regions of a ;rind--tunnel
I6
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boundary layer as concluded from experiments by Clauser and reported
in reference 21. Clauser measured the wake generated by a rod.placed
at two distances from the wall, but still within the boundary layer.
The disturbance decayed faster at the station nearer the wall and
consequently a correlation value would be less at this station for all,
distances downstream of the initial disturbance.
This height dependence of the autocorrelation function is also
evident in a characteristic length of the atmospheric winds called the
"scale of turbulence." This scale of turbulence may be considered to
be a rough measure of the largest distance that two points in a
turbulent field may be separated before the'correlation between gust
velocities becomes zero. The autocorrelation function can be used to
determine this characteristic length parameter. It is given by the
product of the mean wind speed and the area under the autocorrelation
function curve to where the curve crosses zero. This is given by
TO
L -	 Ru(T) 
dti
fO
where To = lag time at which R1 (r) crosses zero.
Since the autocorrelation functions presented do not cross zero
for the maximum lag time (12 seo), "semiscales" were computed to
determine the scale of turbulence. '"Semiscales," as explained in
reference 17, are defined as the lag distance at which the auto.-
correlation.function dropped to a value of 0.6. Using the approximation
of integral scales as twice the semiscales, the integral scales so
.	 ,y
defined were computed by
6- 30
T0.E
L	 = 2U R	 (.) d,li
0
were T0. = lag time at which R z (u) drops to a value of 0.r,. The
scales of turbulence are given in Table III and plotted in Figure 13.
This characteristic length appears as a parameter in a
mathematical description of turbulence (ref. 20) and reference 17
reports evidence that for altitude below 1000 feet, its value is
approximately equal to the altitude. For a linear approximation the
scales computed from the Wallops Island data give a L = (4 x height)
variation for the range of heights investigated.
Homogeneity.- Figure 14 gives a comparison of the autocorrelation
function at the same level as given by the instruments on both the
stationary tower and the portable tower. The data are for points 5
and 6 for which the instruments were separated horizontally by 70 and
80 feet, respectively. The correlation functions for the stationary
tower compare favorably .with the corresponding function on the
portable tower at the same height. This fact that the autocorrelation
functions are essentially identical when measured at two points in
space at the same height indicates homogeneity in the turbulence.
Homogeneous turbulence is implied in that the statistical properties
A 	 and u2 are taken to be independent of position. A complete
test for horizontal homogeneity would involve measurements with the
portable tower located at stations about the stationary tower other
than those stations directly upstream or downstream of :he stationary
0{
tower. However, for the data presented it is shown that an assumption
of homogeneous turbulence along the mean wind vector is valid for
bounds on distance of at least 80 feet.
Stationaritv.- Another characteristic of the data to be
established is 'to determine whether it is stationary or not. For a
signal to be stationary, its probability distribution and statistical
averages are not functions of the time m(,asured. A complete proof of
stationarity would involve verification that all statistical properties
are invariant with time. A practical test would be to divide a single
sample and examine the mean, standard deviation, and autocorrelation
functions for the parts. This has been done for a representative
sample interval with the time history being divided into halves. The
autocorrelation functions along with the corresponding mean and
standard deviation values --:-e given in Figure 15(a) through 15(f). An
examination of these functions anu values indicates that the data are
reasonably stationary.
Randomness.- The spectrum of the velocity fluctuations defines the
fre -,ency-wise distribution of the energy in the wind. The power
spectral density function and the autocorrelation function are Fourier
transform pairs for a stationary, random fluctuating quantity, These
relationships are given by
00
	PSD (f) = 2	 R (t) cos 2srft dt
u	 r	 u
0
0
52
and the inverse
H (t) =	 PSD (f) cos 2nft dfU	 u
0
The autocorrelation function and the power spectral density function
provide similar information in the time domain and the frequency
domain, respectively. A test for randomness in the Wallops Island
data would require a check for periodic or almost periodic components
in the data. The most effective procedure for detecting periodic
components in the data is an examination of the power spectral density
function. A periodic component would be evidenced on such a plot by a
noticeable spike at a given frequency.
The power spectral density function is generally ., malized by
the mean-square value and this is the form presented in Figure 16(a)
through 16(g). An examination of these curves shows no periodic or
almost periodic components in the frequency range investigated —
0 to 5 cps. Thus, the data are random in nature. The normalized
power spectra as plotted in these figures show a decrease in energy
content with frequency at a slope of - 	 This value of the slope is
recognized asbeing valid for atmospheric turbulence spectra repre-
sentations. The figures also exhibit no dependence on height for the
spectra at the four levels on the stationary tower presented.
Isotropy.- Isotropic turbulence is the condition for which cp:-tain
statistical properties such as the rms values of the orthogonal
components, u, v, w, of the gust velocities are unaffected by rotation
of the reference axes, i.e., they are equal and show no preference for
0
^s^-	
-^ 	 -_'--ate ^^---	 w_.. ...^. -^--^•s:.^a.R .,.- _.r r^	 ^.- _.. -	 --^7	 •
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direction. The rms values of the orthogonal component p measured at
Wallops Island, longitudinal u and lateral v, are given in Table IV.
In general, the longitudinal component is greater than the corresponding
lateral component with the differences in values being on the order of
2C percent of their mean values.
The primary area of investigation during this program was, as
stated previously, to examine the characteristics of the turbulent
velocities of the wind as they are transported by +he mean wind. A
comparison of a fluctuating component at one station with its corres-
ponding like component at another station along the mean wind w.sctor
is made by use of the cross-correlation function,
Fcllowing the same procedure as in defining -the autocorrelation
function, we define the cross-covariance by
tT
C	 lim AT
	
Yt)Yt + T) dt
1 2
	
T-a► rn
-T
This relationship describes the general dependence of tlie values of
one set of data, ^1, on the other,	 2 . The cross-covariance,
C(T), is always a real valued function which may 	 either2
positive or negative. Also, C	 (i) does not necessarily have a
maxirmim value at ti = 0 as does the autocorrelation ffcnction, or is
it an even function. The cross-covariance is normalized by the
product of the rms values of the individual signals to give the
cross-correlation function
0
µ/R(z)	 2 X22
with a maximum value of unity at ..^.ome time la.g. When the cross-
correlation function does assume a value of unity at, for example, 'L,,i
it indicates that the two signals, C, l and s2, are perfectly
correlated --identical -- with one laggin g the other on the time scale
by = 1. When R	 (,) = 0, the two signals are urcorrelated, and
1 2
are statistically independent if this is true for all values of ti.
The cross-correlation functions were computed using the Wallops
Island wind data for similar components measured at two stations along
the mean wind direction. In other words, 
u u^
(-r) 
and Rv ,v (`),1' t	 1. 2
Vaere 1 and 2 refer to the stationary tower and portable tower,
respectively, were computed for both the 13-foot and the 26-foot
heights. The convection time, i.e., the time it requires for the mean
wind to convect the fluctuating velocities, u and v, the distance
between the towers, is given by d/U. The maximum correlation value
should occur when the lag time is equal to this convection time
(T = d/U).
The cross-correlation functions for the u component, are
presented in Figures 17(a) through 17(g). Figures 17(a) through 17(g)
are in order of increasing separation distance between the two towers--
from d = 20 feet to d = 100 feet. Each exhibits a lag time at
which the correlation value peaks and this lag time to maximum
corgi elation, ice, is compared to the convection time delay, d/L', in
_?5..
Figure 18. The valves used to obtain this convection time delay are
giver in Table V. An examination of these figures indicates that the
downstream signal does show a dependence on the signal meASUred at the
upstream station which reaches a maximam at the ap,jrepriate convection
time delay and this maximum dependence -R- or correlation —• decreases
with separation distance between the two measuring stations.
Figures 17(a) through 17(g) also show that the correlation values are
greater at the higher level instrument. This is to be expected since
the inten;.ty of turbulence profiles show a decrease with height. This
is also in agreement with Clauser's "long memory" and "short memory"
regions of the boundary layer.
A comparison of the time and spatial correlation values is given
in Figure 19. The time ecrrelation
RU (T) oc u1 WU1 (t + T)
1
is given by a representative autocorrelation function for the
appropriate height. The space correlation is given by
R	 (d)	 cc ul(t)u2(t)
ul' u2	 ti=-0
where ul and u2 are recorded at two stations separated by a hori-
zontal longitudinal distance d. The spatial correlation values, as
represented by the circle symbols in this figure, were obtained from
-he cross-correlation curves (Fig. 17) at zero lag time. Although thg
space correlation values are in all cases less than the corresponding
time correlation value, the data show good agreement between the two
f^,nctions. These figures appear quite similar to data presented by
t
- ----------
Panofsky, Cramer and Rao in reference 8. From such data Panofsky,
Cramer and Rao concluded that Taylor's hypothesis, d = TJ-, is valid
within the limits of their investigation.
From the Wallops Island data it appears that Taylor's hypothesis
on the equivalence of time and spatial correlation functions does
have some validity. The limits on the Wallops Island investigation
are a horizontal sep aeration distance of 100 feet, a height range up
to 26 feet above the surface, and the intensity of turbulence in all
sample intervals of less than 0.175.
A more stringent interpretation of Taylor's hypothesis would be
to assume that the time history of a fluctuating velocity component
does not change as it is being convected at the mean wind speed. A
cross-correlation function between like components at two stations
along the mean wind vectc would be identical to the autocorrelation
function but shifted on the time lag scale , by the appropriate
convection time delay. In other words. the maximum value of the
cross--correlation Ainctior. would be unity and it would occur on the
time lag scale at T = d/U. One would not expect this rigid inter-
pretation of Taylor's hypothesis to be the 3ase in atmospheric boundary
layer flow. The maximum cross-correlation values from Figure 17 are
plotted in Figure 20 against the appropriate separation distance. If
the time histrries measured at the two stations were identical, the
maximum cross-correlation value would be unity and independent of
separation distance. This is given by the horizontal line at a
correlation value of one. The experimental data should approach unity
as the separation distance goes to zero. These curves do exhibit this
R
characteristic with the values recorded at the 2f: -foot height greater
in all cases than those recorded at the 13-foot height. The
correlation values at a separation distance of 50 feet are low and
apparently in error. The other data do decrease from unity as the
separation distance increases. Therefore, this interpretation of
Taylor's hypothesis, as expected, is not valid.
-
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Figure 11.- Comparison of the measured probability distribution of
the gust velocities with a Gaussian distribution.
i-
 5
5
 -
m.s:m
i-21
rlmaOCdaOM..1.}-11aOCdIF40V0i341cVrimrlW
NOOD
ri
R
	
a
m
 
O
N
	
a
wQ1
	
^
.^
HH
N
v
	
w
	
0
	
`d'
	
N
	
O
f-4
	
O
	
O
	
O
	
O
nOT:tetei2030;ny
mba0mN
^
	
w
o^d
H
q
q
 
U
O
	
1
a
	
•
C4•r1
I
i
_
 5
6
 -
O
	
C
	
0
	
C
U
O
TI.V
TG
X
I000:tnV
NOco
O0m
"
^
a
^
^
	
w
a
V
O^•
H
H
d'
W
N
;I
0
-
 57 -
O
00
	
it
	
N
	
O
O
	
O
	
O
	
O
U
O
TjV jgXIO3O;nd
NP-4Oco
0
a
N
U
^
^
•d
v
m
s•ri
OOQQ
W
d
,
N
I
-
 58 -
N
	
O
O
	
O
	
0
	
O
NON co
.d
.
mN
b
QU
0
^
49a
^
^
^
m
F
-
 5
9
 -
O
	
c
o
	
O
.
-^
	
O
	
O
	
O
	
O
U
O
TW
T*A
JO
3O
:M
I
1N0e4Go
v
i
R0
^
q
U)
O
1
P4
N
a
.r
w
N
i `I
0
-
 6
0
 -
O
	
CD
	
^O
	
'd'
	
N
	
O
.
-^
	
O
	
O
	
O
	
O
U
O
T
Z
ajs=IOOOZny
NHOy co
N.0RO
bN
VO^
+
')Oa
O1
.
c
v
tko
.
^
m
H
w
0
-
 6
1
 -
V
	
W
	
^O
	
v
	
N
	
O
.
-+
	
C
	
O
	
O
	
O
U
O
T
I
R
T
O
I
1030;nd
6-
 62 -
OOr,
O
8N
mdWJwu
oo
 
m
r
wmu
Ln
	
It
	
cOn
	
N
	
rq
	
O
mVa0a0CAHmW
-E3-
O
	
00
	
%0
	
d'
	
N
r-+
	
O
	
O
	
O
	
O
u
oiietazz000;nv
a0m
N
m
O'-4
m
 df
ad
O3
O m
O
 r-1
co
v
a
oG
^
r l
0
1
0
w
-P
Cd
c
o
r
g
 
.
Y
r
—im
OU
H
O^
 O
s
r
43
WO0O
N
OU1
O
mori
W
R
NO.
a
co
'g
fA
R7O
^D
V
N
q
U
«i
%0
O
1
a
^
^
^
m
^H
,4w
N
0
-
 6
4
 -
O
	
c0
	
10
	
v
	
N
	
O
.
^
	
O
	
O
	
O
	
O
u
O
Tivtasxoao;ny
NHO
OKi43
0U
mar,
H
aid
H
mH
^
H
d
'
m
-
i
W
y
0
lb
-
 65 -
v
	
a
o
	
0
	
v
	
N
	
O
r
+
	
O
	
O
	
O
	
O
tw
T
:^V
T
&
22000: nW
NON c
o
^
rl
^
m
O
V
0
U
C1
^O
1
v,
cat
rlC1
^
^
w
v
-
 6
6
 -
O
	
Co
	
%0
	
sN
	
N
	
O
O
	
O
	
O
	
O
uO
TIvT&
'lO
3O
:0y
0-
 67 -
Nn
Ndw
 
L
n
 L
n
 o
NW
 0%
00
6
w
w
IC
 A
4J '0
^
N
HI
11
	
^
1
1
 
%11
Oco
'
'g
c
4-3m
U
O
dN
!
^Q
w
C
^
^
v
m
d
AN
d'
1
N
O
	
%0
	
v
	
N
	
O
O
	
O
	
a
	
O
U
O
TIV
tsz=000X
nV
-
 6
8
 -
0
O
	
O
	
O
U
O
T
:
^
v
T9Xx000Iny
(S
NrlON co
N.d
Ki
d
U
U)
cr 1
1
to
w
v
NOr4
3
•
co
m
a
^^
ca
v
^
Pg
N
I
—
 69 —
d
O
	
co
	
0
	
N
	
O
O
	
O
	
O
	
O
uO
TX
ftsssO
O
O
;nd
NHO
m
co
	
A
^
 Q
 v
o
	
^
vm
	
w
 
to
m
N
 
^
.
IVN
-
 70 -
v
	
a
D
	
^O
	
d'
	
N
	
O
.
^
	
O
	
O
	
O
	
O
U
O
TlvtazzO
aO
4nV
a
1.0
w
H
t+
u
m
a
w
a
0 0.1a
N
•ri
W
0
z
0.01
I
- 71 -
10.0
Height, ft.
13
-- —	 —	 26
--	 39
53'
0.001'•
0.01	 0.1	 1.0	 10.0
Frequency, cps
(a) Point 1.
Figure 16.- Power spectral density functions.
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Figure 16.- Continued.
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Figure 16.- Continued.
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Figure 16.- Continued.
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Figure 16.- Concluded.
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6CONCLUSIONS
From the data presented in this thesis, a number of conclusions
can bE made concerning the wind environment at Wallops Island, Virginia.
The data were recorded using fast response drag sphere anemometers and
covered a range of heights up to 53 feet above the ground. These
conclusions concern the horizontal components of turbulence only
since no attempt was made to measure the vertical component. The data
presented resulted from seven data sales recorded during an elapsed
time.of approximately four hours. The mean wind speeds measured at a
height of 65 feet were between 37 and 45.5 fps. The meteorological
conditions did not change significantly during this time interval.
The natural boundary layer studied was found to have the
following characteristics:
1. The mean wind speed profiles are given by the power law
approximation
U  = Uz 1 (z/zl)u
with the exponent n having a value of 0.16 or 0.17.
2. The intensity of turbulence decreases with height, and for
the conditions of this investigation turbulence values were in the
range of 0.084 to 0.183.
3.	 The roughness length, zo, is equal to 5 cm.	 This value is
in agreement with other values obtained over flat, grass-covered
surfaces.
- 89 -
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4. The probability distribution of both the u- component and
v-component appear to be Gaussian.
5. The autocorrelation functions exhibit a dependence on height
with the breakdown in correlation occurring more rapidly at the lower
levels.
6. The "scale of turbulence" increases with height according to
the linear approximation L = (4 x height) for the range of heights
covered.
7. The turbulence is homogeneous within bounds on distance of at
least 80 feet.
8. The turbulence is reasonably stationary.
9. Atmospheric turbulence is a continuous random process. The
normalized power spectra show a decrease in energy content with
frequency at a slope of - 3 .
10. Horizontal isotropy was not established. The rms value of
the u-component is greater than that of the v-component on the order
of 20 percent, as is the case in wind-tunnel boundary layers.
From the cross-correlation data the following conclusions are
made:
1. The cross-correlation between like components at two stations
along the mean wind vector indicates a dependence on height; i.e., the
correlatior values are greater for the 26-foot height than for the
1
-
31 -foot height.
2. The maximum cross-correlation value does occur at a time lag
equal to the convection time delay, d`U. This maximum correlation
6
I
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value decreases with separation distance between the two measuring
stations.
3. The comparison between time and space correlations indicates
the validity of Taylor's hypothesis, d = U ,c, for separation distances
up to 100 feet.
4. A more stringent interpretation of Taylor's hypothesis —
assuming equivalence of the time histories measured at the two stations
along the mean wind — is not valid.
I0
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IAPPENDIX
DRAG SPHERE CALIBRATION FOR FIELD OPERATION
The following steps are followed for each strain gage on the two-
component balance to determine the gage sensitivity for use of the
drag sphere instrument.
1. Static calibration:
Statically load the balance with incremental weights and
record output voltage of obtained static calibration curve.
The curve should be linear with a slope, Al. Al has units of
lb/volt.
2. Dynamic calibration:
Place the instrument in a wind tunnel and record output
voltages for various values of tunnel dynamic pressure. Multiply
output voltages by Al to obtain the measured force in pounds and
plot this force against the tunnel dynamic pressure.
97
F, lbs
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q, psf
This plot should also be linear with a slope, A2. (The
linearity of this curve indicates a constant drag coefficient, CD,
in the Reynolds number range of calibration.)
F = (CD)(drag area)(q)
drag area = constant
The product AlA2 gives another constant, A3, with units of
psf/volt.
3. Calibrate resistor:
With a Down resistance, Rl, in the circuit and no
external load on the gage, the output voltage, V1, should be
recorded:
V1(volts) x A3 (psf/volt) = gl(psf)
R1 is equivalent to a dynamic pressure of ql.
0- 99 -
4. Field operation:
With the drag sphere in place for field use and no wind on
the instrument, insert the calibrate resistor, R l, in line and
record the voltage output, VF . Since R1 is equivalent to ql, it
follows that the sensitivity of the recordings will be
A4 = ql/VF, psf/ volt
Rl is then removed from the circuit and the instrument is ready for
field operation.
